Neurotrophic keratopathy is a degenerative corneal disease induced by an impairment of trigeminal nerve. Impairment of loss of corneal sensory innervation is responsible for corneal epithelial defects, ulcer, and perforation. In the present report, we reviewed the pathogenesis, diagnosis, and therapeutic aspects of this disease. An accurate history and clinical examination, including the function of cranial nerves, together with the clinical features of the ocular surface are essential for a prompt diagnosis. The evaluation of the corneal sensitivity and tear film function are important diagnostic steps as well. Specific medical and surgical treatments, based on the clinical staging of the disease, are often able to halt its progression. Future developments in the medical treatment including the administration of neuropeptide and growth factors are presented.
Introduction
Neurotrophic keratitis is a rare degenerative corneal disease caused by an impairment of trigeminal corneal innervation, leading to a decrease or absence of corneal sensation. Many ocular and systemic diseases can determine a lesion at different levels of the fifth cranial nerve: the nucleus in the pons, the Gasserian ganglion, the trigeminal ophthalmic branch, the nasociliary nerve, or the long ciliary nerve ( Table 1) . The most common causes of corneal anaesthesia are viral infection (herpes simplex and herpes zoster keratoconjunctivitis) followed by chemical burns, physical injuries, and corneal surgery. 1 Intracranial space-occupying lesions such as neuroma, meningioma, and aneurysms may also determine a compression of the trigeminal nerve or ganglion and produce an impairment of corneal sensitivity. 2 Systemic diseases such as diabetes, multiple sclerosis, and leprosy may decrease sensory nerve function or damage sensory fibres leading to corneal anaesthesia. 3, 4 The corneal epithelium is the first target of the disease showing dystrophic changes and defects with poor tendency to spontaneous healing. The progression of the disease may lead to corneal ulcers, melting, and perforation. 5 While the clinical diagnosis is easily oriented from the history and clinical findings, the management of this condition is one of the most difficult and challenging among all corneal diseases.
Pathophysiology
The cornea is provided with the richest innervation of all body tissues (40 times more than the tooth pulp and 400 times more than skin). It is generally accepted that corneal sensory nerves play a key role in maintaining the anatomical integrity and function of the cornea and particularly of the epithelium. Several reports have shown that loss of corneal sensory innervation leads to a decrease of the vitality, metabolism, and mitosis of epithelial cells and consequently to an epithelial breakdown. 6, 7 The corneal epithelium thickness is decreased and epithelial cells show intracellular swelling, loss of microvilli, and an abnormal production of the basal lamina. 8, 9 Conjunctival changes include a decrease of goblet cell density and loss of cell-surface microplicae. 10 Several studies have focused on the role of sensory neuromediators in the corneal epithelium pathophysiology. These studies have shown the depletion of substance P (SP) and acetylcholine (Ach) in the rat cornea after sensory nerve injury. 11, 12 In vitro, SP, cholecystokinin gene-related peptide (CGRP), and Ach induce epithelial proliferation. [13] [14] [15] In contrast, in animal studies, SP treatment failed to promote corneal epithelial healing. 16 Chikama et al 17 showed a complete recovery of neurotrophic keratitis in one patient with a combination of SP and insulin-like growth factor-1 (IGF-1) eye drops. They hypothesized that the combination of SP and IGF-1 stimulates corneal epithelial cell migration and the expression of integrin a5 and b1 essential for the attachment of epithelial cells to the extracellular matrix proteins.
Experimental and clinical evidence suggests a bidirectional control of corneal epithelium proliferation: sensory neuromediators promote epithelial cell mitosis, while, on the other hand, sympathetic mediators, epinephrine and norepinephrine, reduce epithelial cell mitosis. 13 In addition, in animal studies, corneal epithelium changes induced by lesion of the sensory nerves can be reduced by cervical sympathetic denervation. 18 We have recently evaluated the potential role of nerve growth factor (NGF) in the treatment of neurotrophic keratitis. 19, 20 NGF induces in vitro and in vivo recovery of sensory neurons and induces the production of Ach in the central nervous system and SP in the peripheral nervous system. 21, 22 In addition, NGF plays an important role in the balance between sensory and sympathetic innervation, by modulating their functions. 23 In rodents, corneal sensory innervation is dependent on NGF action 24 and, in vitro, NGF promotes proliferation and differentiation of rabbit corneal epithelial cells. 25 In our study, in 43 patients affected by neurotrophic ulcers, topical administration of NGF restored corneal integrity and improved corneal sensitivity. 19, 20 To summarize, corneal sensory nerve damage induces marked changes in the levels of neuromediators that lead to an impairment of epithelial cell vitalityFclinically represented by the development of recurrent or persistent epithelial defects.
Presentation
The literature does not report data regarding the epidemiology of neurotrophic keratitis. We have recently followed 43 patients affected by neurotrophic keratitis with epithelial defects or corneal ulcers. 19 In six of these patients (13.9%) we did not find any justification of corneal anaesthesia and they were classified as idiopathic, all of them were female and the onset of the disease was before the age of 6 years. The other 37 patients were affected by neurotrophic keratitis as a result of: herpetic keratitis (27.0%); following repeated corneal surgery (21.6%); anaesthetic abuse (16.2%); chemical burns (13.3%); neurosurgery (10.8%) diabetes (8.1%); radiotherapy (2.7%). No significant difference was observed among the sexes (17 males; 20 females).
According to the Mackie classification, it is possible to classify neurotrophic keratitis into three stages (Table 2) . 1, 5 Stage 1 is characterized by punctate keratopathy, epithelial hyperplasia and irregularity, superficial neovascularization, and stromal scarring ( Figure 1 ).
Stage 2 is characterized by a persistent epithelial defectFmost frequently localized in the superior half cornea ( Figure 2 ). Usually, around the epithelial defect, there is an area of poorly adherent opaque and oedematous epithelium that can spontaneously detach leading to an enlargement of the defect. Epithelial healing is inadequate and the edges of the defect become smooth and rolled. Descemet's membrane folds and stroma swelling may also be observed with an inflammatory reaction in the anterior chamber and, rarely, sterile hypopion may be observed.
Stage 3 is characterized by stromal involvement with a corneal ulcer that may progress to perforation and/or stromal melting ( Figure 3 ). Corneal melting and perforation can be caused by inappropriate use of topical steroids or secondary infections (Figures 4 and 5 ).
Diagnosis
The diagnosis is frequently suspected on the basis of the patient's history. Systemic diseases such as diabetes Brain neoplasms and vascular accidents may involve the fifth cranial nerve or its nucleus. Seventh and fifth cranial nerve lesions may occur during thyroid ophthalmopathy, periocular infiltrative neoplasm, or after surgical removal of acoustic neuroma. Aneurysms or cavernous sinus pathologies can cause ocular motility alterations, while intraconal orbit lesions can be associated with optic nerve alterations and/or pupil abnormalities. The presence of neurological signs requires a strict collaboration with a neurologist and cranial imaging evaluation. 
Eye
Accurate ocular examination must be carried out. Corneal sensitivity test may be performed by touching the central and the peripheral cornea with the tip of a cotton swab. 26 Alternatively, the Cochet-Bonnet aesthesiometer may be used to localize and quantify the loss of corneal sensitivity, recording the patient's response at the touch of a nylon line (between 0 and 6 cm). 27 Generally, the severity of neurotrophic keratitis is related to the severity of the corneal sensory impairment.
Blink rate is markedly decreased if bilateral neurotrophic keratitis occurs. However, the disease is frequently unilateral and blinks can be normal because the other unaffected eye elicits normal symmetrical blink.
A Schirmer test should be carried out because tear film production may be affected by the reduction of corneal sensitivity. 28, 29 Vital staining with fluorescein, rose bengal, or lissamine green shows corneal and conjunctival epithelial changes.
Accurate examination of the eyelids' margin, position, and motility is important because exposure keratitis and blepharitis can be associated with neurotrophic keratitis.
In all corneal ulcers, a microbiological examination should be performed to exclude bacterial, fungii, or viral infections.
Differential diagnosis
Punctate corneal keratopathy and tear film abnormalities, which characterize stage I of the disease, are also frequently observed in other ocular diseases such as dry eye, exposure keratitis, topical drug toxicity, contact lens abuse, and corneal limbal deficiency. The hallmark of neurotrophic keratitis is corneal anaesthesia; so the presence of ocular symptoms such as burning, foreign body sensation, photophobia, and dry eye orients the diagnosis towards other ocular surface diseases.
Clinical history, systemic signs and symptoms, and laboratory tests allow to address the correct diagnosis.
Superficial corneal vascularization and epithelial defects can also be seen in limbal stem cell deficiency. In this case, impression cytology may allow the identification of the epithelial phenotype by means of immunohistochemistry for cytokeratins (corneal epithelium is cytokeratin 3 positive and cytokeratin 19 negative, while conjunctival epithelium is cytokeratin 19 positive and cytokeratin 3 negative). 30 However, diseases that cause limbal stem cell deficiency can damage sensory corneal nerves thus also causing neurotrophic keratitis.
Infective, toxic, or immune corneal ulcers always present important ocular inflammation, stromal infiltrates, and symptoms. Microbiologic examinations for bacteria, fungi, and viruses are always required. Any local treatment should be discontinued to exclude toxic corneal ulcers, and systemic evaluation for immune disorders should also be considered. 
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Treatment
The goals of treatment of neurotrophic keratitis are to prevent progression of corneal damage and to promote epithelial healing. The therapy must be prompt and based on the clinical stage of the disease. 31 The presence of an epithelial dystrophy or punctate keratopathy (stage 1) requires the discontinuation of all topical medications and the evaluation of side effects of systemic therapies such as neuroleptic, antipsychotic, and antihistamine drugs. Administration of topical preservative-free artificial tears may help in improving the corneal surface. The therapy at this stage aims to improve epithelial quality and transparency, and to avoid epithelial breakdown. Other ocular surface diseases such as exposure keratitis, dry eye, and limbal deficiency, if associated with neurotrophic keratitis, worsen the prognosis of the disease and require specific treatment. In these cases, it is important to correct the eyelid dysfunction, to consider punctal occlusion, and to consider limbal cell transplantation.
When an epithelial defect develops (stage 2), the aims of treatment are to avoid the development of corneal ulcer, to promote healing of the epithelial defect, and to prevent the recurrence of the epithelial breakdown. Withdrawal of all topical drugs is always required and preservative-free artificial tears can improve corneal surface. The patients should be carefully monitored because the progression of the disease is often without symptoms.
Corneal or scleral therapeutic contact lenses have been proposed, but their use may increase the risk of secondary infections and may cause sterile hypopyon. [32] [33] [34] In the case of corneal ulcers that are unresponsive to artificial tears or therapeutic contact lenses, tarsorraphy is the most simple and diffuse procedure. If healing occurs, the tarsorraphy opening may be enlarged after a few weeks, but opening the tarsorraphy prematurely may result in a recurrence of corneal epithelial breakdown. Alternatively, it is possible to cover the epithelial defect by means of an amniotic membrane transplantation 35 or to utilize a palpebral spring or botulinum A toxin injection of the eyelid elevator. 36, 37 Topical steroids have been suggested because prostaglandins inhibit the epithelial growth and the use of steroids could reduce the activity of these inflammatory mediators, particularly in patients with chemical burns. 13, 38 However, steroids, by inhibiting stromal healing, may increase the risk of corneal stromal melting and perforation, thus their use should be considered with caution. Topical nonsteroid anti-inflammatory drug treatment does not induce improvement of the healing process. 39 When a corneal ulcer develops (stage 3), the therapy is aimed at promoting corneal healing, and preventing corneal melting and perforation. As in stages 1 and 2, it is important to avoid the toxic effect of the topical treatmentFthus only prophylactic topical antibiotic and preservative-free artificial tears are suggested. In the case of stromal melting, topical collagenase inhibitors, such as N-acetylcysteine, tetracycline, or medroxyprogesterone may be administered. 40 Tarsorraphy and conjunctival flap are effective surgical procedures in promoting corneal healing, but they give poor cosmetic outcome and the visual function is sacrificed. 41, 42 Small perforations can be treated with the application of cyanoacrylate glue followed by a soft bandage contact lens. [43] [44] [45] Larger defects require lamellar or penetrating keratoplasty. 44 The success rates of these corneal transplants are low because of poor wound healing and the persistent risk of epithelial defects owing to corneal anaesthesia ( Figure 6 ). Reed et al 46 showed that 75% of 12 patients affected by corneal scarring secondary to herpes zoster keratitis and corneal hypoaesthesia maintained a clear corneal graft. The authors suggest that partial tarsorraphy may improve the success rate. However, the authors do not report the severity of corneal sensory impairment, which is, on the contrary, crucial for the long-term survival of penetrating keratoplasties.
Prognosis
Neurotrophic keratitis represents one of the most difficult and challenging ocular diseases still lacking treatment. The prognosis of neurotrophic keratitis depends on several factors such as the cause of the impairment of corneal sensitivity, the degree of corneal hypo/anaesthesia, and the association with other ocular Figure 6 Lamellar and penetrating keratoplasties are high-risk surgical procedures in neurotrophic keratitis because of the frequent development of corneal epithelial defects, ulcers, and melting in the follow-up. The figure shows a relapse of neurotrophic corneal ulcer following penetrating keratoplasty.
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Eye surface diseases such as dry eye, exposure keratitis, and limbal deficiency. It is generally accepted that the more severe the corneal sensory impairment, the higher the probability of disease progression. 47 It is important to remind the patient to have himself checked frequently because the disease often lacks signs and symptoms, and protection with preservative-free artificial tears which may prevent epithelial breakdown is crucial. At present, the treatment of neurotrophic keratitis is still conservative and any surgical procedure aimed at restoring corneal transparency should be avoided because of the high risk of epithelial defect, ulcers, corneal melting, and perforation after surgery.
Future developments and conclusions
Several experimental and clinical studies have focused on new medical and surgical treatments for neurotrophic keratitis.
Experimental sympathectomy in the rabbit may reduce corneal changes after sensory nerve damage. 18 However, surgical cervical sympathectomy did not find a practical application in humans and these findings are not confirmed by sympathectomy induced by chemical substances. 48, 49 Diabetic patients treated with topical aldose reductase inhibitor showed improvement of corneal sensitivity and morphologic characteristics of corneal epithelial cells. 50 Several studies have suggested the use of neuropeptides and growth factors for the treatment of neurotrophic keratitis. Topical treatment with SP and IGF-1 induced corneal healing in two patients with neurotrophic keratitis. 51 The authors reported no relapse of the disease within 1 year of follow-up. 17, 51 Epidermal growth factor has been used in human clinical trials with conflicting results. 52, 53 In an open uncontrolled study, topical nerve growth factor NGF treatment induced corneal healing in 43 patients affected by moderate and severe neurotrophic keratitis (stages 2 and 3). 19, 20 Restoration of corneal integrity was associated with recovery of corneal sensitivity in most of the patients. Topical treatment with NGF represents a promising therapy to prevent the onset and progression of neurotrophic keratitis. NGF modulates the function, regeneration, and survival of sensory nerves; it supports epithelial proliferation and differentiation, and it influences the production and release of neuropeptides.
In conclusion, the management of neurotrophic keratitis represents a real therapeutic dilemma for ophthalmologists. Several medical and surgical treatments have been proposed to halt the progression of the disease and to avoid corneal perforation. These surgical procedures can preserve ocular integrity but they often sacrifice cosmetic appearance and visual function. Neuropeptides and growth factors may represent a future therapeutic approach for the cure and prevention of neurotrophic keratitis.
